About 15 million, out of Myanmar's current population of 51.4 million, reside in the Ayeyarwady delta, according to the provisional results of the 2014 census (official estimates of nearly 60 million), and this represents an increase by nearly 150% in about 30 years (Brakenridge et al., 2017) . The delta offers large areas of rich agricultural land and is one of the most productive rice-growing areas in the world. About 60% of the delta is currently under rice cultivation (Frenken, 2012) .
Myanmar is, however, among the 15 nations that together account for 80% of the world's population exposed to river flood risk Winsemius et al., 2013) . This risk is particularly pertinent to the vast Ayeyarwady delta (Brakenridge et al., 2017) , the world's tenth largest delta (Coleman and Huh, 2004) . The Bay of Bengal is affected by tropical cyclones and Myanmar lies in the pathway of these high-energy events, over 25 of which have affected the Ayeyarwady delta (Fig. 1c) since 1870 (Knapp et al., 2010) . Tropical cyclonic storms make landfall in Myanmar between May and October, and generate heavy rainfall and severe flooding (Brakenridge et al., 2017) . Tropical Cyclone Nargis (2-4 May 2008), a category-5 event just prior to landfall in Myanmar, is the latest and strongest meteorological event to have affected the delta in historic times (Fritz et al., 2009) , the other recorded events being mainly of categories 1 to 2 (Fig. 1c) . These highenergy events may also cause storm surges that further aggravate coastal flooding and damage (Dube et al., 2010) . Prior to Nargis, the 10 May 1968 cyclone gives a measure of the deadly damage susceptible to be caused by cyclones in Myanmar (Brakenridge et al., 2017) . This cyclone killed 1037 people, left 17,537 livestock dead, close to 300,000 people homeless, and 57,663 homes destroyed (USAID, 1968) .
Tropical cyclone Nargis caused the worst natural disaster in the recorded history of Myanmar (Fritz et al., 2009; Topich and Leitich, 2013; Wolf, 2009 ). According to these authors, fatality estimates exceeded 138,000, at least 2.4 million people were severely affected and over a million people were left homeless. An estimated 90-95% of the buildings in the delta, and much farmland, livestock, and fisheries were lost, and the overall economic damage estimated at over 10 billion US$ (Fritz et al., 2009 ). These extreme casualties and damages resulted from a cyclone surge that ranged from 1.9 to 5.6 m, and that led to flooding up to 50 km inland (Fritz et al., 2009) . Using satellite images, Brakenridge et al. (2017) mapped the vast land areas affected by the Nargis coastal storm surge and Knapp et al. (2010). unusual inland rainfall. Major flooding was restricted to the delta and lower floodplain areas.
In this paper, we address the issue of the effects of this high-energy event on shoreline stability and on coastal and nearshore sedimentation. We then discuss these effects in the context of the current vulnerability of the Ayeyarwady delta, increasingly subject to the impacts of human activities in both the river catchment and delta, and considered as a delta 'in peril' by Syvitski et al. (2009) .
The Ayeyarwady River basin and delta
The Ayeyarwady River (Fig. 1b) has the second largest watershed in Southeast Asia, after the Mekong. The river covers slightly over 61% of the territory of Myanmar, and its delta (Fig. 1c) has formed 20,570 km 2 of low, fertile plain comprising five major and many smaller distributaries (Brakenridge et al., 2017) . The Ayeyarwady basin's climate is tropical monsoon. Rainfall is concentrated in the hot humid months of the southwest monsoon (MayOctober), as the Inter-Tropical Convergence Zone (ITCZ) attains its most-northward position between June and August, and humidity-charged southwest winds blow northeastwards across the Bay of Bengal. In contrast, the northwest monsoon (December-March), characterized by opposite dry northwest winds blowing southeast from the continent, is relatively cool and almost entirely dry. The mean annual rainfall across the delta ranges from 2000 to 3000 mm (Frenken, 2012) . Another source of water for the rivers is summer melting of the snow and glaciers in mountainous northern Myanmar, which also contributes to flow variability. Heavy rains in the mountains, coupled with snowmelt, generate large flood volumes, and this water can cause large-scale downstream overbank flooding (Brakenridge et al., 2017) . According to Van der Velden (2015) , the combined discharge of the Ayeyarwady and Chindwin Rivers at Chauk (Fig. 1) Robinson et al. (2007) and collected between 1969 and 1996 at Pyay (Prome) were further analysed by Furuichi et al. (2009) to provide an estimate of water discharge (379 AE 47Á10 9 m 3 /year) and suspended sediment load (325 AE 57Á10 6 t/year) for the river upstream of the delta head. In the face of these values of water discharge and suspended sediment load, the water turbidity will be approximately 600 g/m 3 at the mouths of the Ayeyarwady (Kravtsova et al., 2009) , which corresponds to relatively high values. The Ayeyarwady delta is affected by waves of moderate fetch (wave periods of 8-12 s with a mean of about 10 s) generated by the southwesterly winds, and thus, almost exclusively from a southwest direction. Wave heights are characterized by marked seasonal variability (Anthony et al., 2017) . They are highest (mean values of up to 2 m) at the peak of the rainy southwest monsoon season, and diminish during the dry season when the southwest monsoon winds become attenuated due to the southward migration of the ITCZ. Maximum wave heights can reach 5 m during cyclones. Longshore currents generated by southwest monsoon winds and waves are, together with tidal currents, important in transporting both bedload material (sand) along the beaches bordering the delta, and suspended sediment, which dominates the load of the Ayeyarwady. Longshore currents flow dominantly from west to east in response to the dominant wave approach from the southwest. Reversals of these currents are locally observed, especially near the mouths of the larger delta distributaries where wave refraction commonly leads to bi-directional currents with beach sand transport materialized by spits.
The Ayeyarwady delta is associated with relatively large semidiurnal tides ranging from 3 to 6 m. Data collated by Kravtsova et al. (2009) show that the mean tidal range is 3.0 m in the western part of the delta shoreline and about 3.2 m in the east. Mean spring and neap tidal ranges along the western extremity of the delta are 4 m (Ramaswamy et al., 2004 ) and 1.8 m (Kravtsova et al., 2009) , respectively, but up to 5.85 m and 2.55 m (Naing, 2014) , respectively, along the eastern shores of the delta. Spring tide influence extends almost 300 km inland to the apex of the delta (Hedley et al., 2010) .
The protruding western part of the delta, comprising numerous lobes separated by distributary mouths (Fig. 1c) , has prograded much more than the more sheltered eastern half. The exposed western shores are characterized by 20-100-m-wide sandy beaches bounding muddy backshore swales hundreds of meters in width, essentially devoted to rice cultivation. The beaches are commonly subject to overwash and landward migration in a context of chronic erosion (Anthony et al., 2017; Hedley et al., 2010) , and are fronted by muddy foreshores hundreds of meters wide at low tide, commonly exhibiting signs of erosion (Fig. 2) . The succession of narrow beach ridges and broad intervening swales characterizing the 2-3-km-wide coastal fringe of the Ayeyarwady delta in the western sector appears to represent the mode of deltaic progradation in this sector, whereas the more sheltered, but less prograded, eastern sector has been characterized by dominantly muddy sedimentation associated with mangrove colonization.
Since 1974, a year marking the advent of the availability of satellite images, erosion has affected about 240 km of the 450-km-long delta shoreline, i.e. 53%, essentially in the western sector (Anthony et al., 2017) , where are located, paradoxically, the delta's main distributors of fluvial sediment to the coast. According to Rodolfo (1969) , the Ayeyarwady delta prograded at an average rate of 2.5 km in 100 years into the Andaman Sea up to the start of the last quarter of the 20th century. The current dominant shoreline erosion pattern thus represents a major turnaround from generalized progradation (Anthony et al., 2017) , a conclusion in agreement with Hedley et al. (2010) , who identified a long phase of equilibrium prior to 1989, during which sediment deposition balanced subsidence and sea level rise, followed by net erosion from 1989 to 2006. Hedley et al. (2010) further predicted more shoreline erosion in the coming years because of projected dam constructions in the Ayeyarwady catchment.
Methodology
To monitor the effects of cyclone Nargis on the Ayeyarwady delta, we: collated information on the cyclone track; collected offshore wave and tidal data; downloaded data on surface-suspended particulate matter (SPM) concentrations offshore of the delta; mapped flooding of the coastal fringe and changes in the position of the high-water line alongshore. Fig. SM1 ), which correspond to the dates of the best available satellite images in terms of cloud cover and comparable tidal range. The 4 May image provided a record of the position of the high-water line just after the cyclone landfall. These three dates therefore represent, respectively, the pre-cyclone, the cyclone landfall, and the post-cyclone high-water line coverage. In order to assess the state of the delta shoreline over a year and a half after Nargis, a fourth set of satellite images (25 April 2010) was analysed. For all images, other than those of 4 May, a variety of indicators, notably farm houses and the landward limits of dry sandy beaches in the western sector, and the mangrove fringe in muddy areas where beaches are missing, were used to delimit the highwater line. The use of these types of marker was not feasible for the 4 May image, which coincided with strong water level setup caused by the significant cycloneinduced surge (Fritz et al., 2009) . For this date, we resorted to the visible brush, plantation or mangrove fringe. Changes in the high-water line along 250 km, out of the 450 km, of delta shoreline, were calculated using the ArcMap extension module Digital Shoreline Analysis System (DSAS), version 4.3, coupled with ArcGIS 1 10.2.2. Determination of change rates focused on the exposed western sector of the delta, which took the brunt of the cyclone (see ''Results'' section), and where surge levels were highest (Fritz et al., 2009 ). We setup a transect every 100 m alongshore from which variations between the changing high-water (or vegetation for the 4 May image) line and a pre-determined inland base line were calculated between the successive sets of LANDSAT images. This distance was calculated between two image dates to generate statistics of shoreline change in DSAS 4.3. We retained a relatively large uncertainty shoreline change band of AE 42 m, which is much more than commonly used in the literature. We defined the error (E) of shoreline change from the following equation (Hapke et al., 2006) :
where d 1 and d 2 are the uncertainty estimates, respectively of resolution and georeferencing, for the successive sets of images. Finally, recently collated MERIS satellite data on suspended particulate matter (SPM) offshore of the Ayeyarwady delta (GlobCoast project, http://sextant. ifremer.fr/en/geoportail/sextant) were used to determine the impact of cyclone Nargis on nearshore fine-grained sediment spread in 2008 by comparing monthly values prior to, during, and after Nargis with averages over a 10-year period (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) .
Results
The track of cyclone Nargis is shown in Fig. 3a . The cyclone attained category 5 just prior to landfall in Myanmar, moved ashore as a category-4 event, gradually weakened after passing Yangon with winds of 215 km/h on 2 May, and dissipated near the border between Myanmar and Thailand. The shores and multiple mouths in the protruding western half of the delta thus took the brunt of the cyclone, whereas the embayed muddy mangrovecolonized eastern sector in the Gulf of Martaban was relatively less exposed because of a more inland cyclone trajectory and weaker winds (Fig. 3a) . Fig. 3b and c show, respectively, an extract of ERA-Interim offshore wave conditions (red rectangle) and tides during the course of the cyclone. Relatively high waves of up to 3 m, associated with wind-wave periods of 7 to 9 s and directions that were essentially from southwest, occurred briefly on 3 May, just after the cyclone made landfall in a frontal approach relative to the delta shoreline in the western sector. Waves prior to, and following this relatively brief phase, did not exceed 2 m, and were hardly higher than 1 m by 5 May. Landfall, just after 2 May, was characterized by a transition from neap to spring tides. Spring tides were attained on 5 May (Fig. 3c) .
Two MODIS images in Fig. 4 show the extent of catastrophic flooding of the delta on 5 May 2008, compared to the pre-cyclone state of the delta on 15 April 2008. The figure also shows maps, established by Brakenridge et al. (2017) , indicating the strong rainfall that accompanied Nargis. The high-water line used as a proxy for the shoreline showed a mean retreat of 47 m on 24 August 2008, three months after the cyclone, compared to the 18 April high-water line. Retreat locally exceeded 200 m along the exposed western part of the delta, whereas the transitional zone towards the embayed eastern sector showed little change, notably between km 0 and km 10 (Fig. 5a ). The data of 25 April 2010 showed even more significant landward translation (average: À148 m) of the high-water line 20 months after the passage of Nargis (Fig. 5b) . In order to determine to which extent flooding of the coast occurred in response to the increase in sea level caused jointly by the cyclone surge, the large waves and the spring tide range (Fig. 3) , the18 April and 4 May highwater lines were compared (Fig. 6) , the latter representing the situation barely 36 h after the cyclone landfall on 2 May 2008. The results show a landward translation of the highwater line that attained 600 m in places.
The offshore concentrations in SPM in 2008 show a significant increase during the passage of Nargis, compared to the monthly averages based on the 10-year SPM dataset (Fig. 7a) . From January to April, the monthly values followed fairly closely the 10-year average trend. In contrast, increasing SPM values occurred in May, specifically during the passage of Nargis, with an average concentration increase of nearly 50% (AE 5%) over the region of the delta compared to April (Fig. 7b, c) , and representing a 38% increase relative to the 10-year average over the same period. In the area directly affected by the intensity peak of the cyclone, the increase attained about 100% (Fig. 7c) , which is 70% higher than the 10-year average. The values diminish once again in the two months following Nargis (May-June, Fig. 7d , and June-July, Fig. 7e ) to attain the 10-year average, before increasing once again as the rainy season gained momentum in July-August (Fig. 7f) .
Discussion
Large modern river deltas represent huge coastal sediment storage, and thus, generally, show morphosedimentary resilience in the wake of high-energy events. A consideration of the wave heights, tidal range (Fig. 3b, c) , and the storm surge levels (1.9-5.6 m) determined by Fritz et al. (2009) in their post-Nargis field survey in August 2008, three months after the cyclone, suggests that the high-water line determined from the 4 May 2008 image (Fig. 6) is a good proxy highlighting the extent of backshore flooding caused by Nargis. Once the narrow beaches were flooded, the high-water line shifted landwards, up to hundreds of metres in places (Fig. 6) , as the large low backshore swales were submerged in turn. The extent of flooding is depicted by comparison of the MODIS images in Fig. 4 . Nargis flooded about 14,400 km 2 of the delta inland (Tasnim et al., 2015) . Although high waves associated with the cyclone lasted only about 12 h, and peak wave heights only briefly attained 3.2 m, the marked shoreline retreat between April and August 2008 (Fig. 5a ) highlights the significant impact of Nargis on the narrow sandy beaches and their large muddy foreshores. These retreat rates are similar to those reported by Fritz et al. (2009) following their field survey in the delta, in the course of which they identified erosion of up to 150 m in places. As these authors noted, these rates are also similar to those generated by Hurricane Katrina impacting on the Mississippi delta barrier islands in 2005, with surge levels ranging from 2 to over 10 m (Fritz et al., 2007) . (Fearnley et al., 2009) . The impact of Nargis on the Ayeyarwady delta shoreline thus provides another very good example of the effects of a severe cyclone on low deltaic shorelines, especially where a longer-term background context of erosion prevails, which is also the case of parts of the Mississippi delta. The marked and persistent erosion 20 months after Nargis (Fig. 5b) shows the absence of resilience along much of the affected delta shoreline, and is consistent with the state of chronic shoreline erosion affecting this delta (Anthony et al., 2017; Hedley et al., 2010) at least since , wave climate offshore of the Ayeyarwady delta during the passage of Nargis (red rectangle) computed from the ERA-Interim hindcast wave database generated by the European Centre for Medium-Range Weather Forecasting (ECMWF) Wave Atmospheric Model (b), and astronomical tides off the delta (c) from the tide and current prediction programme WXTide32 C (Version 4.6). Nargis' direction of approach from the west resulted in maximum winds having a counterclockwise circulation in the shallow offshore area, and the protruding western sector of the delta took the brunt of the cyclone. Fritz et al. (2009) reported a storm surge ranging from 1.9 to 5.6 m above sea level along this western sector. 1974. This suggests that Nargis and other high-energy events that may affect the Ayeyarwady delta in the future may further significantly contribute to delta erosion along the exposed western sector.
The chronic erosion of the western sector of the Ayeyarwady delta shoreline may reflect large-scale adjustments in the supply and distribution of sediments alongshore, with the relatively protected and still prograding muddy sector acting as an active depocentre for suspended sediment transported eastward by waves and currents (Anthony et al., 2017) . During the passage of Cyclone Nargis in May 2008, the SPM concentrations off the Ayeyarwady delta increased considerably, compared to the average monthly conditions over a decade (Fig. 7a, c) , and this significant increase can be interpreted as a response to:
increased fine-grained sediment supply by the river following the heavy rainfall generated by Nargis (Fig. 4a, b) ; reworking of fine sediments at the seaward fringes of the delta by the high waves (Fig. 3b ) generated by the cyclone; wave-and wind-induced resuspension of fine sediment in the shallow nearshore zone.
Nargis likely led to more significant supply of fluvial mud than under non-cyclone conditions. There is no way of determining, however, the contribution of net fluvial SPM supply to the nearshore zone, compared to remobilization over this muddy zone, although the fact that the month of May merely corresponds to the start of the high-discharge season (when fine-grained fluvial sediment supply is not expected to be at its peak) could be an argument in favour of the exceptional remobilization of shore-front and nearshore mud by the cyclone. The significant drop in nearshore SPM concentrations in June and July (Fig. 7e) is, however, consistent with the overall propensity of the shallow Ayeyarwady delta shoreface to trap muddy sediments, whereas the increase in July and August reflects the seasonal Monsoon river discharge effect. Much of the SPM mobilized by the cyclone moved from west to east across the delta (Fig. 7d ), in agreement with the tendency for fine-grained suspension load to be transported towards the more sheltered and embayed eastern sector of the delta (Fig. 1c) in the Gulf of Martaban (Anthony et al., 2017) . Presumably, mud was stored within the delta itself and in the immediate shallow nearshore zone, and not lost offshore in this tide-and currentinfluenced setting, with possibly maximum storage in the relatively sheltered eastern mud depocenter, where the delta is currently prograding.
The vulnerability of the delta is probably mainly the result of reduced sediment supply, further compounded by the impacts of population growth and mangrove deforestation (Brakenridge et al., 2017; Fritz et al., 2009 ). Modelling of sediment supply based on existing dams on the river's tributaries showed, over a decade ago, an already significant 30% reduction (Syvitski et al., 2005) . Discrepancies in the 10-year (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) GlobCoast data on SPM off the delta preclude confirmation of this drop in the supply of fine-grained sediment, but the reduction highlighted by Syvitski et al. (2005) must be playing a significant role in the sustained coastal erosion. The decrease in sediment load, in the face of relative sea level rise and ongoing subsidence, is also resulting in sinking of the Ayeyarwady delta, generating loss of valuable wetlands, while threatening, over the long-term, the delta's very existence (Syvitski et al., 2009) . Various studies have further documented important losses of mangrove forest along the delta to the benefit of shrimp farms and rice cultivation (Frenken, 2012; Giri et al., 2010; Hedley et al., 2010; Leimgruber et al., 2005) . According to Hedley et al. (2010) , the total mangrove forest area decreased from 2345 km 2 to 1786 km 2 between 1924 and 1995 because of clearance for agriculture and aquaculture. It is projected that, if unprotected, the Ayeyarwady delta mangrove forests could be completely lost by 2026 (Webb, 2013) , thus depriving the delta shoreline of an important agent in the trapping of fine-grained sediments and especially in coastal protection against cyclones and erosion generated by high Monsoon waves and occasional high-energy events such as Nargis. The Ayeyarwady has been classified, as a result, as a delta ''in peril'' by Syvitski et al. (2009) . This rising vulnerability goes with a greater exposure of populations and economic activities in the delta to both catastrophic marine and river flooding.
Conclusion
The Ayeyarwady River delta is an essentially tidedominated delta characterized by a coastal morphology of multiple distributary mouths affected by low to moderate energy southwest monsoon waves. Over half of the deltaic shoreline has been undergoing chronic erosion over the last few decades, and the delta is exposed to tropical cyclones that can be devastating, as shown by the example of cyclone Nargis (2-4 May 2008). Assessment of the resilience of the delta to this high-energy event was carried out by analysing before, during, and after Nargis, changes in delta-front SPM concentrations, as well as in the highwater line alongshore used as an indicator of the extent of shoreline flooding by surge in the wake of Nargis, and of net cyclone-generated shoreline retreat months after Nargis. The cyclone resulted in anomalously high nearshore SPM concentrations compared to average concentrations over a 10-year period, followed by an equally rapid drop in concentrations to well below average following this high-energy event. This suggests important temporary resuspension of SPM over the coastal fringes of the delta and the nearshore delta-front, and, possibly, larger-thanusual fine-grained fluvial sediment input to the delta. Nargis resulted in a significant temporary landward translation of the high-water line alongshore, and submergence of the delta's sandy beaches following a high surge level, causing numerous human casualties, and severe socio-economic damage in an increasingly more densely populated delta subjected to large-scale deforestation and mangrove removal. The cyclone also resulted in severe erosion of the shoreline, with no signs of resilience several months after. This vulnerability to erosion was likely aggravated by a condition of decreasing fluvial sediment supply to the delta.
